IMPORTANCE Rural, low-income, and historically underrepresented minority communities face substantial barriers to trauma care and experience high injury incidence and mortality rates. Characteristics of injury incident locations may contribute to poor injury outcomes.
I njuries are responsible for millions of life-years lost annually in the United States. 1 Associations of age, sex, race/ ethnicity, socioeconomic status, injury severity, and comorbidities with mortality are well documented. [2] [3] [4] [5] [6] [7] [8] People living in rural, low-income, and historically underrepresented minority communities face substantial barriers to trauma care, [9] [10] [11] which suggests that features of the health care system, built environment, and social environment may contribute to differences in treatment and outcomes. Unfortunately, evidence of the effects of the built and social environment on injury outcomes is limited. Time to treatment is a major consideration in trauma system design 12, 13 and the primary indicator of environmental barriers to trauma care in the literature. Most studies 14 indicate some benefit from shorter prehospital times, though the ideal treatment window varies. To our knowledge, only 1 study to date 15 has examined trauma center proximity as an independent determinant of mortality, demonstrating increased motor vehicle crash fatality rates with increasing distance from the crash site to the trauma center. Hospital characteristics also predict injury mortality, with improved outcomes for patients treated at level 1 and 2 trauma centers compared with hospitals with fewer resources. 16, 17 Because of the inherent association between injury incident location, trauma center location, and the course of injury treatment, it is possible that characteristics of the hospital nearest an injury incident scene determine mortality, even if the patient is treated at a different hospital.
In addition, injury incidence and severity may be elevated in rural settings owing to differences in land use patterns, 18, 19 but, to our knowledge, no studies have specifically examined land use as a determinant of injury outcomes. Community-level social measures of trauma center patient populations may be independent determinants of mortality, 5, 20, 21 but it is not clear if the social environment at the injury scene has a similar impact on outcomes. The lack of evidence concerning the potential association of injury scene characteristics with mortality limits the impact of interventions that address modifiable features of the social environment that disproportionately affect vulnerable populations. The Maryland trauma system is one of the oldest in the United States and is regarded as an ideal model of trauma system organization. Using individual injury incident data from the Maryland Institute for Emergency Medical Services Systems (MIEMSS), linked with measures of the built and social environment at injury incident scenes, this study examined incident location characteristics as determinants of mortality independent of individual patient demographics, health characteristics, and duration of the prehospital interval.
Methods

Data Sources
Injury incident records from the 2015 MIEMSS Adult Trauma Registry were linked with prehospital emergency medical services (EMS) data from the MIEMSS eMeds Patient Care Reporting System. Registry and eMeds data were collected per published MIEMSS standards. 22 The most recent available land use data, which were from 2010, were retrieved from the Maryland Geographic Information Office.
23
American Community Survey data for calendar years 2010 through 2014 were retrieved from the United States Census Bureau.
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This study was reviewed and approved by the Johns Hopkins Bloomberg School of Public Health Institutional Review Board. The study used secondary data without direct patient contact or intervention and was therefore conducted with a waiver of informed consent.
Population, Setting, and Data
Adults (18 years and older) who were injured in Maryland between January 1, 2015, and December 31, 2015; transported by a Maryland-based EMS company by ground ambulance or helicopter; treated at a designated trauma center; and who met MIEMSS inclusion criteria 22 were included in this study. Patients transferred to a trauma center were included if all other criteria were met, as were patients who died in EMS care at the incident scene or in transit. Registry and prehospital records were linked using incident identification numbers and probabilistic algorithms. Registry records without matched EMS records were retained for analysis if injury scene location information was included in the registry record.
Measures
Injury mortality was the primary outcome of interest, with injuries considered fatal if the patient died at the injury scene, in transit, or at the hospital. Covariates included measures at the patient, location, and zip code tabulation area (ZCTA) level. Age was categorized in 10-year increments based on dates of birth and age at injury incident. Race and ethnicity from medical records were examined owing to their established relationship with injury outcomes, 4 Using external cause of injury codes, the mechanism of injury was categorized as blunt, penetrating, blunt and penetrating, or other. Charlson Comorbidity Index scores were categorized as 0, 1 through 5, and 5 or greater, based on registry comorbidity codes and weights proposed by Charlson et al. 27 Insurance status was coded as private, public, or no insurance, based on hospital payment records.
Prehospital time was calculated as the number of minutes elapsed from the initial 911 call to trauma center arrival. Owing to the characteristics of the MIEMSS dataset, treating hospitals were not identifiable in individual patient records, and actual distance traveled was not measured. To characterize the association between injury incident location and the overarching trauma system, trauma center distance was measured as the Euclidean distance between the incident scene and the nearest trauma center. All level 1 and 2 trauma centers in Maryland are in the Baltimore-Washington combined statistical area, minimizing differences in distance to care for patients bypassing the nearest trauma center. Hospital type of the nearest trauma center was coded as private level 1 or 2, public level 1 or 2, and private level 3 based on public records searches.
Land use was measured at the individual feature level and categorized as residential, commercial, industrial/ agricultural, transport, institutional, or undeveloped. Median age in a given ZCTA was measured in years, and per capita income was categorized as greater than or less than $25 000 per person. Hospital transfer status was not included in regression models because of its collinearity with prehospital time.
Analytic Approach
We used ArcGIS, version 10.2.2 (Environmental Systems Research Institute) for all geocoding and measurement/ attainment of spatial variables. Records were mapped using geocoded coordinates of the injury incident address. Records without exact addresses (n = 2198) were mapped using incident zip code centroids. Records were linked with ZCTA measures based on the ZCTA polygon within which the scene location or Zip code centroid fell. Records with exact addresses were linked with trauma centers using spatial joins based on the nearest feature, and with land use based on the features of the polygon each point fell within.
All other analyses were conducted using Stata, version 13 (StataCorp). Most missing data derived from missing location information; therefore, missing data were treated as missing at random and addressed with multiple imputation with predictive mean matching. A total of 10 imputations were used, with the 10 nearest neighbors included in the random selection for each iteration. Imputed variables included trauma center distance, hospital type, land use, insurance, patient age, severity, Charlson Comorbidity Index, per capita income per ZCTA, and median age per ZCTA.
Regression analyses were conducted using a randomly selected sample of 10 000 records. Simple logistic regression models were used to assess the unadjusted association between each measure and mortality. Multivariable analyses used multilevel logistic regression models with random intercepts for ZCTA. Scatterplots were examined to assess the need for interaction and spline terms. Associations of individual characteristics (model 1) and location characteristics (model 2) were modeled separately before combining all measures into a fully adjusted model (model 3). Regression analyses were considered statistically significant at α = .05. Standard spatial statistics methods were used to assess regression models for residual spatial dependence at the individual location (via a semivariogram of standardized residuals) and ZCTA level (with Moran I). 28 Figure 1 illustrates the composition of the study population and the matching process. The final analytic sample (n = 16 082) included 15 388 registry records and 727 prehospital deaths. Most registry records (13 157/16 082; 85.5%) were linked with a prehospital record, and an additional 2198 of 16 082 (14.3%) contained sufficient location information for inclusion. Thirty-three records (33/16 082; 0.2%) lacked location information and were excluded. Figure 2 illustrates the spatial distribution of injury incidence per 1000 adults at the ZCTA level. Sample characteristics are presented in Table 1 .
Results
Population Characteristics
Age ranged from 18 to 100 years, with most patients younger than 65 years (77.0%). (Percentages reported for patient characteristics are estimated based on multiple imputation; denominators listed are based on the number of records with nonmissing data for each characteristic.) Most patients were male (10 581/16 082; 65.8%) and white (8346/ 14 311; 52.4%); most had mild injuries (14 166/15 242; 89.8%), blunt injuries (13 178/16 082; 81.9%), and no reported comorbidities (14 519/15 355; 94.6%). The proportions of patients with public insurance coverage (5518/13 698; 40.3%) and private insurance coverage (5560/13 698; 39.6%) were similar. The mean (SD) distance to the nearest trauma center was 9.9 (0.09) miles, and the mean (SD) total prehospital time was 64.6 (0.69) minutes. The nearest trauma center was private level 1 or 2 for 7076 incidents (44.0%) and public level 1 or 2 for 6770 incidents (42.1%). Residential land use (6609/16 082; 41.1%) and transportation land use (4953/16 082; 30.8%) were most common. The ZCTA median age, when averaged, was 38.2 years (SD, 0.04 years), and 11 949 (74.3%) of injury incidents occurred in a ZCTA with per capita income greater than $25 000.
Bivariate Analyses
Bivariate odds ratios (OR) and 95% CIs are presented in Table 1 . Compared with incidents on residential land, the odds of death 
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Multivariable Analyses
Odds ratios and 95% CIs for all multivariable regression models are presented in Table 2 and In model 2, odds of death increased by 11.1% per 5-mile increase in trauma center distance (OR, 1.11; 95% CI, 1.06-1.16; P < .001). Compared with incidents on residential land, incidents on commercial land were associated with a 35.8% decrease in odds of death (OR, 0.64; 95% CI, 0.49-0.84; P < .001), incidents on industrial/agricultural land showed a 52.2% reduction in odds of death (OR, 0.48; 95% CI, 0.30-0.76; P < .001), incidents on transportation land had 42.3% reduced odds of death (OR, 0.53; 95% CI, 0.35-0.81; P < .001), and incidents on institutional land had 47.3% reduced odds of death (OR, 0.53; 95% CI, 0.35-0.81; P < .001).
In model 3, patients with penetrating injuries were 5.28 times more likely to die than those with blunt injuries (OR, 5.28; 95% CI, 3.27-8.50 for penetrating injuries relative to blunt injuries, a reference category; P < .001), and patients with other types of injury were 8.26 times more likely to die (OR, 8.26; 95% CI, 4.32-15.77; P < .001). Odds of death increased by 5.7% per 5-minute increase in prehospital time for patients with penetrating injuries (OR, 1.06; 95% CI, 1.03-1.07; P < .001), by 15.4% per 5-minute increment for patients with blunt and penetrating injuries (OR, 1.15; 95% CI, 1.12-1.16; P = .01), and by 4.8% per 5-minute increment for patients with other injuries (OR, 1.05; 95% CI, 1.01-1.09; P = .01). Odds of death increased by 8.0% per 5-mile increase in trauma center distance (OR, 1.08; 95% CI, 1.01-1.15; P = .03). Compared with private level 1 or 2 centers, odds of death increased by 80.7% when the nearest trauma center was public level 1 or 2 (OR, 1.81; 95% CI, 1.39-2.34; P < .001), and increased by 49.9% when the closest trauma center was private and level 3 (OR, 1.50; 95% CI, 1.06-2.11; P = .02). Compared with incidents on residential land, odds of death decreased by 32.6% for incidents on commercial land (OR, 0.63; 95% CI, 0.49-0.92; P = .01), and increased by 70.0% for incidents on transportation land (OR, 1.70; 95% CI, 1.31-2.20; P < .001). Odds of death increased by 16.0% per Abbreviations: OR, odds ratio; ZCTA, zip code tabulation area. a Odds ratios were estimated with multilevel logistic regression with ZCTA random intercepts. b Odds ratios are given per 5 percentage point increase.
c Intraclass correlation indicates the proportion of total variance attributed to ZCTA. d P < .001. e P = .27.
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Associations of Distance to Trauma Care, Income, and Age With Rates of Injury Mortality 5-year increase in ZCTA median age (OR, 1.16; 95% CI, 1.03-1.30; P = .02). Per capita income greater than $25 000 was associated with a 26.6% decrease in odds of death (OR, 0.73; 95% CI, 0.54-0.99; P = .05), compared with per capita incomes below this threshold.
Discussion
To our knowledge, this study is the first to combine patientlevel trauma center data and incident location information for an entire state of the United States, associating individual patient measures with characteristics of the built environment and social environment, regardless of injury mechanism, payment type, or hospital affiliation. To our knowledge, this is the first study to examine the associations of a broad range of spatially defined characteristics present at the injury scene with mortality while controlling for prehospital time and individual patient characteristics. Prior studies examined trauma center distance and designation as measures of trauma care accessibility, [9] [10] [11] 16, 17 but treated distance as a proxy for prehospital time, not as an independent predictor of mortality. Increasing distance from the injury scene to the nearest trauma center was associated with increased mortality independent of prehospital time, which suggests that the association between distance and mortality extends beyond distance as a determinant of time. This is consistent with recent findings from Brown et al 15 of an association between motor vehicle fatality rates and trauma center distance. While injured patients are not always treated at the nearest trauma center, trauma center proximity reflects the accessibility of trauma care at a given location. Geographic variation in EMS service levels may contribute to the effect of distance on mortality, and the sequence and duration of prehospital events may vary by trauma center distance. Level 1 or 2 designation of the trauma center nearest the injury scene was found to reduce mortality, which was consistent with prior evidence of benefits from treatment at level 1 or 2 centers. 17 Private ownership of the nearest trauma center was associated with improved outcomes.
Research on the association of hospital ownership with mortality is limited, but it does suggest a protective effect of private ownership, possibly due to increased resources, earlier adoption of technology, 29, 30 or protective health and socioeconomic characteristics among communities surrounding private hospitals. 31 The results of this study suggest that the odds of death are lowest for injury incidents in commercial areas and highest in transportation areas. These findings conflict with prior hypotheses that agricultural and industrial land use spaces carry greater risk of mortality based on presumed differences in injury mechanism and severity. 18, 19 It is possible the public nature of commercial spaces confers some benefit following an injury incident owing to shorter EMS response times. 32 In contrast, patients injured at transportation locations (eg, interstate highways) may experience prolonged prehospital times owing to incident-induced needs for traffic and/or vehicle extrication. The association between transportation land use and mortality changed drastically after adjustment for individual characteristics, suggesting populations injured at transportation locations are at low risk of mortality compared with other injury patients, potentially owing to injury characteristics associated with motor vehicle crashes. The median age and per capita income per ZCTA were both associated with mortality. Odds of death were higher for incidents in older communities, possibly owing to the increased demands that an older population places on an EMS system. 33 Per capita income less than $25 000 was also associated with increased odds of mortality, potentially reflecting the effect of individual socioeconomic indicators that were not measured in the registry, differences in the level of prehospital care in low-income communities, or differences in trauma centers serving predominantly populations of lower socioeconomic status. The association of ZCTA income levels with mortality is consistent with evidence that population level socioeconomic measures determine individual health outcomes. 5, 20, 21 The observed association of African American race was inconsistent with prior studies, 4 possibly because of the geographic distribution of African American residents in Maryland relative to trauma center locations. Prior studies of race as a determinate of injury mortality have not controlled for prehospital time or trauma center proximity. 4 There is evidence that prehospital time is greater for African American patients than for white patients nationally 10 ; however, shorter prehospital times were observed for African American patients in this study, which may contribute to better outcomes than expected. Given the association between prehospital time and mortality, time may mediate the association between race and mortality, warranting further examination.
Limitations
This analysis was limited to incident origin and transfer patients treated at designated trauma centers and did not include patients receiving definitive care at healthcare facilities other than trauma centers or those who died prior to EMS arrival at the injury scene. These patients represent a small but meaningful subset of patients facing substantial barriers to trauma care. This is a well-documented limitation of trauma systems research. 34 However, comprehensive triage and transport protocols used by Maryland EMS professionals, an extensive air ambulance network, and the small geographic area of the state greatly reduce the number of high-risk injury patients treated at nontrauma centers, 35 mitigating selection bias concerns. Many records lacked information regarding the exact location of the injury incident and could not be linked with measures of the built environment. Patterns of missingness were examined by county, mortality outcome, demographic characteristics, and month of incident to rule out likely causes of nonignorable nonresponses. Data appeared to be missing at random and were imputed using predicted mean matching. Sensitivity analyses indicated little impact from missingness, but it is possible an unknown or unmeasured covariate was causally associated with missing location information.
Finally, generalizability of this study is limited by the unique organization of the Maryland trauma care system 34 and the small size of the state. In many ways, the Maryland system represents a best-case scenario for the delivery of trauma care, with clear, standardized prehospital protocols implemented throughout the state. States with more variation in care may see greater effects of geographic barriers. Analyses conducted in this study should be replicated with data from other states that represent a range of approaches to EMS and trauma system organization.
Conclusions
This study demonstrates the association of several environmental measures with mortality while also confirming previously demonstrated associations of individual demographic and injury characteristics. Distance from the injury scene to the nearest trauma center is a strong geographic determinant of injury mortality. Trauma center distance may be associated with differences in timing, sequence, or quality of prehospital care. Observed associations of community-level median age and per capita income suggest that the level and quality of EMS services in a community depends on EMS resources and use of services. Future studies should examine the sequence and duration of events during the prehospital interval, paying attention to changes in the prehospital experience associated with trauma center proximity, community demographics, and EMS professional characteristics.
